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ABSTRACT 

The resuhs of measurements and computer simula- 
tions are presented for the yields of residual product 
nuclei in thin targets: ""'U irradiated by 0.1, 0.8, 1.2, 
and 1.6 GeV and ^^Tc irradiated by 0.2, 0.8, 1.0, 1.4, 
and 1.6 GeV protons. The yields were measured by 
direct high-precision 7-spectrometry. The irradiations 
were made using the beams extracted from the ITEP 
U-10 synchroton. The majority of these yields are mea- 
sured for the first time at such energies. 

We think that these new data on high energy fission 
yields measured together with spallation and fragmen- 
tation products are of importance both for development 
of new reliable models of intermediate energy nuclear 
reactions and to benchmark available codes used today 
in applications. 

About 820 cross sections are presented and used in 
comparison between measured yields and simulations 
by the LAHET, INUCL, CEM95, HETC, CASCADE, 
YIELDX, and ALICE codes. 

I. INTRODUCTION 

In designing ADT-based systems the neutron produc- 
tion of the Pb-Bi or Hg targets in the systems are of 
great importance and involve not only spallation, but 
also fission reactions. The absence of any reliable theory 
for fission induced by 100-2000 MeV protons necessi- 
tates experimenting with a broad range of nuclei, in our 
case with ""'U. The data thus obtained may be used to 
construct semi-empirical systematics, to develop mod- 
els of nuclear reactions, and to verify available simula- 
tion codes. At the same time, the data are interesting 
by themselves because some present-day projects (see, 
for instance, Ref. ^) include actinides as part of the 



target materials. 

The ^^Tc isotope (T1/2 



2.1 • 10^ years) is a fission 



product whose yield (^^6%) belongs to the extremely- 
high yield range and, therefore, has to be transmuted 
into stable or short-lived isotopes. One of the feasible 
techniques for transmuting ^^Tc is to add this isotope 
to the target materials of subcritical facilities whose 
neutron sources are neutron cascades generated in 0.8- 

I. 6 GeV proton beam interactions with the targets. 
Since (p,x) reaction data have yet to be obtained for 

^^Tc (see Ref. ^), the feasibility of the given ^^Tc trans- 
mutation technique must be determined by experiment- 
ing with, and simulating, the ^®Tc interactions with 
protons of energies from 50-100 MeV to ~3 GeV. Also, 
some of the ^^Tc reaction product yields are of interest 
in medical applications. 

The present work was aimed at: 

• finding the independent and cumulative yields of 
residual product nuclei in thin ""'U targets irradi- 
ated with 0.1, 0.8, 1.2, and 1.6 GeV protons, and 
in ^^Tc targets irradiated with 0.2, 0.8, 1.0, 1.4, 
and 1.6 GeV protons; 

• comparing experimental data with results of sim- 
ulations by the most extensively used codes that 
simulate the neutron-physics parameters of the 
subcritical systems mentioned above. 

Some of our results can be found in Refs. 

II. EXPERIMENTAL TECHNIQUES AND MEA- 
SURED YIELDS 

The complete cycle of experiments have been made at 

ITEP for two years using the U-10 synchrotron with 
two proton beams extracted independently, namely, a 
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Table 1: Irradiation parameters, sample dimensions and ^^Al(p,x)^^Na reaction cross sections. 



Planned proton Actual proton •^^Al(p,x)'^'^Na Sample / monitor Total proton flux 

energy energy reaction cross thickness across a sample for 

(MeV) (MeV) section (mb) (mg/cm^) irradiation time (p/cm^) 



Tc irradiations 

"200 196.3 ± 1.1 16.2 ± 1.2 56/196 1.62-10 
800 795 ± 1 15.4 ± 1.0 67/142 4.04-10 
1000 989 ± 1 14.9 ± 1.0 55/195 1.95-10 
1400 1379 ± 1 13.8 ± 1.0 56/58 5.92-10 
1600 1583 ± 3 13.3 ± 1.0 51/58 2.08-10 



"°*U irradiations 

"Too 96.5 ± 0.6 19.5 ± 2.0 55/183.5 7.35-10 
800 795 ± 1 15.4 ± 1.0 55/185.8 5.47-10 
1200 1186 ± 1 14.3 ± 1.0 55/215 6.11-10 
1600 1583 ± 3 13.3 ± 1.0 51/58 4.37-10 



high-energy beam with 800-2600 MeV extracted pro- 
tons and a low-energy beam with 100-200 MeV ex- 
tracted protons. 

The background 7-lines, which are present in mea- 
sured 7-spectra due to natural radioactive background 
of the workroom, to ""*U fission products, and to pos- 
sible radioactive impurities in samples, were allowed for 
by analyzing 7-spectra of the intact samples measured 
under the same measurement conditions as those for 
the irradiated samples. 

The 010.5 mm metallic Tc foils were irradiated. The 
^^Al(p,x)^^Na monitor reaction was used in the present 
work. Table 1^ presents the irradiation parameters, sam- 
ple dimensions, and the ^^Al(p,x)^^Na reaction cross 
sections. 

The techniques and results of measuring 7-ray spec- 
tra, processing 7-ray spectra, determining external pro- 
ton beam energies, measuring geometry parameters 
of external proton beam shapes, determining neutron 
background, as well as the method for determination 
of radioactive nuclide yields are described in detail in 
Ref. 5. 

Tables H and |^ present the products measured in ^^Tc 
and "'''U. 

III. COMPUTER SIMULATION OF MEASURED 
PRODUCTS 

The products of the studied reactions were simulated 
in the present work by eight different codes, namely: 

1. the CEM95 Cascade-Exciton Model code^, 

2. the CASCADE cascade - evaporation - fission 
transport code'', 

3. the INUCL cascade - preequilibrium - evaporation 
- fission code*, 

4. the HETC cascade - evaporation transport code^. 



5. the LAHET cascade - evaporation - fission trans- 
port code^", 

6. the ALICE code with HMS precompound 
approach^ ^, 

7. the semi-phenomenological YIELDX code^^, 

8. the semi-phenomenological formulae of Foshina et 
al.i3 

A detailed description of the models used by the 
CEM95, CASCADE, INUCL, HETC, LAHET, AL- 
ICE, and YIELDX codes may be found in our previous 
work^, in Refs.^~^^ and references therein. 

The comparisons of measured data with the calcu- 
lations are made using two parameters. The first pa- 
rameter is numbers of "coincidences" . A coincidence is 
defined to be a comparison event with the ratio of sim- 
ulated to experimental yields not exceeding a factor of 
2 {Nc2_o '■ 0-5 < crcai,i/crexp,i < 2.0), and a factor of 1.3 
{Nci_3 ■ 0.769 < (Jcai,i/<^exp,i < 1-3). We present here 
the ratios of coincidence numbers ( A"ci 3 : -^02 ) the 
number of all comparisons (Ng). The number of the 
coincidences within a factor of 1.3 (A"ci 3) is considered 
here to be the number of simulations within an ultimate 
accuracy of 30% needed in apphcations^. 

Another parameter for comparison of simulated and 
experimental data was proposed by R. Michel^^ and 
used afterwards in our works. ^'^^ The parameter is a 
mean squared deviation factor 

(iJ)=10V V \<^exp,^JJ ^ 

with its standard deviation S{{H)) 

S{{H)) = 10^, (2) 
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Table 2: Experimental yields measured in ^^Tc. 



Product 


Half life 


Mode 




Proton enegy (GeV) 












0.2 


0.8 


1.0 


1.4 


1.6 




2.9d 


ind 


13. 1± 1.4 


2.57 ±0.21 


3.34 ±0.42 


2.22 ±0.19 


1.57±0.17 




1.64311 


ind 


6.08±0.61 


4.91 ±1.10 


8.20 ±1.16 


4.77 ±0.87 


4.64±1.28 


OA -i-v 


51.8m 


ind 


2.64±0.90 


0.52 ±0.21 


0.66 ±0.29 


0.26 ±0.18 


0.61±0.29 


99rpp 


6.01h 


cum 


5.87±0.61 


5.60 ±0.47 


6.41 ±0.53 


6.13 ±0.55 


7.37±0.78 




4.28d 


ind 


51. 0± 4.9 


22.6 ±1.7 


21.1 ±1.7 


23.4 ±1.9 


19.5±1.8 




20.0h 


cum 


51.4± 5.3 


19.1 ±1.4 


17.2 ±1.3 


15.5 ±1.3 




95rpp 


20. Oh 


ind 


44.3± 4.7 


14.2 ±1.5 


9.02 ±1.21 


10.7 ±1.2 






52.0m 


cum 


11. 5± 1.2 


3.25 ±0.27 


2.57 ±0.26 


2.68 ±0.26 


2.22±0.26 


94rp^ 


52.0m 


ind 


7.70±0.87 


2.74 ±0.34 


1.91 ±0.35 


2.42 ±0.30 


1.61±0.31 


94rpp 


293m 


cum 


28. 0± 2.7 


9.67 ±0.70 


8.57 ±0.61 


7.67 ±0.65 


7.21±0.69 




293m 


ind 


35. 7± 2.9 


12.4 ±0.8 


10.8 ±0.7 


10.1 ±0.7 


8.82±0.75 




43.5m 


ind 


1.36±0.43 


2.08 ±0.86 


0.89 ±0.49 


1.58 ±0.50 


2.38±0.62 




2.751i 


cum 


21. 3± 2.2 


5.68 ±0.61 


4.37 ±0.35 


4.60 ±0.40 


4.35±0.43 




2.75h 


ind 


18. 5± 2.1 


3.92 ±1.08 


3.48 ±0.60 


3.02 ±0.61 


1.99±0.69 


93 Mo 


6.851i 


ind 


10.8± 1.1 


5.48 ±0.38 


3.93 ±0.64 


4.38 ±0.39 


3.69±0.47 




5.671i 


cum 


7.23±1.08 


3.90 ±0.30 


3.16 ±0.53 


2.70 ±0.27 


2.51±0.41 


96 Nb 


23.35h 


ind 


1.18±0.18 


2.03 ±0.15 


2.70 ±0.37 


2.39 ±0.21 


2.33±0.29 


95 Nb 


34.975d 


cum 




4.47 ±0.35 




4.29 ±0.38 




92 Nb 


10.15d 


ind 


4.90±0.68 


3.00 ±0.28 




4.17 ±0.35 


3.49±0.34 


90Nb 


14.60h 


cum 


41. 5± 4.0 


29.6 ±2.1 


24.7 ±1.9 


21.9 ±2.1 


19.5±1.8 


90Nb 


14.6011 


m+g 


32. 2± 3.2 


25.5 ±2.0 


20.0 ±2.2 


19.6 ±1.8 




^^Nb 


1.18h 


cum 


1.75±0.21 


1.28 ±0.16 




1.24 ±0.12 




89 


1.9h 


cum 








31.2 ±3.5 




8SNb 


7.8m 


ind 


7.11±0.79 


9.25 ±5.38 




6.08 ±1.55 


2.23±2.47 


88]\fb 


14.5m 


cum 


3.51±0.44 


3.48 ±0.47 


3.44 ±0.39 


2.41 ±0.52 


2.15±0.38 


89 2p 


78.41h 


cum 


42. 8± 4.2 


35.9 ±2.6 


32.5 ±2.4 


31.5 ±2.6 


26.8±2.5 


882,. 


83.4d 


cum 


24.0± 2.9 


28.4 ±2.1 


23.9 ±3.2 


23.5 ±2.0 


21.8±2.0 


^^Zr 


1.68h 


cum 


19.8± 2.1 


26.7 ±2.6 


22.9 ±2.0 


18.7 ±1.7 


20.6±2.3 


8621- 


16. 5h 


cum 


4.93±0.49 


9.47 ±0.75 


7.85 ±0.63 


7.09 ±0.64 


5.12±0.56 


yu V/ 


3.19h 


ind 




0.95±0.17 


1.33 ±0.17 


0.92±0.17 


1.02±0.09 




106.65d 


cum 




11.6 ±0.8 




7.82 ±0.75 




o 1 


13.371i 


cum 


25. 1± 2.4 


25.3 ±2.7 


36.5 ±2.6 


30.8 ±2.5 


28.0±3.0 


o 1 


13.3711 


ind 


5.38±0.92 


11.51±1.29 


13.59±1.47 


12.10±1.21 


8.99±1.39 




79.8h 


cum 


24.8± 2.6 


39.5 ±2.8 


42.3 ±3.0 


36.4 ±4.0 


28.4±2.5 


87Y 


79. 8h 


ind 


5.93±0.66 


14.23±2.38 




3.23 ±2.18 


3.41±0.46 


OD 


48m 


ind 


7.76±0.80 


15.6 ±1.2 


13.1 ±1.0 


12.1 ±1.1 


10.4±1.0 


OD 


14.7411 


cum 


14.0± 1.4 


32.4 ±2.4 


26.8 ±2.0 


25.4 ±2.1 


21.9±2.0 


OO V/ 


14.741i 


ind 


9.30±1.00 


22.9 ±1.7 


19.5 ±1.4 


18.5 ±1.6 


17.2±1.6 


OO V/ 


4.86h 


cum 






4.35 ±2.06 


8.21 ±1.23 


8.82±2.54 


85y 


2.6811 


cum 


2.43±0.41 


10.0 ±1.4 


5.70 ±0.56 


4.00 ±0.60 


3.34±0.59 


85y 


2.68h 


ind 




4.46 ±0.97 








84y 


40m 


cum 


2.27±0.24 


8.13 ±1.04 


8.87 ±0.75 


8.07 ±0.78 


7.21±0.65 


85Sj. 


67.63m 


cum 


2.53±0.41 


6.72 ±0.58 


6.99 ±0.75 


5.30 ±0.50 


4.54±0.66 


85Sr 


67.63m 


ind 




1.22 ±0.18 


0.94±0.19 


0.86±0.13 


0.66±0.16 


85Sr 


64.84d 


cum 


12.4± 2.6 


41.0 ±3.5 


29.2 ±4.4 




30.1±3.2 


83SJ. 


32.4111 


cum 




21.6 ±2.4 


20.1 ±9.4 


19.6 ±1.6 


12.9±2.1 


81 Sr 


22.3m 


cum 




4.34 ±0.32 


4.67 ±0.46 


3.38 ±0.50 
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Continuation of Table |^. 



Product 


Half life 


Mode 




Proton enegy (GeV) 












0.2 


0.8 


1.0 


1.4 


1.6 


^^Rb 


20.26ni 


ind 




3.10 ±1.35 


2.88 ±0.54 


3.04 ±0.65 


2.99±0.93 


'^^Rb 


32.77d 


m+g 




3.48 ±0.28 








"•^Rb 


86. 2d 


cum 




31.2 ±2.5 


28.4 ±6.1 


27.6 ±2.5 


23.6±3.3 


**^Rb 


6.472h 


cum 




12.1 ±0.9 


11.5 ±0.9 


11.0 ±0.9 


10.3±1.0 


''^Rb 


30.5m 


cum 


1.57±0.28 




20.3 ±2.3 


15.0 ±2.2 


19.6±2.7 


*^Rb 


4.576h 


cum 




26.5 ±2.6 


23.0 ±2.5 


21.9 ±2.4 


20.5±2.4 


SI T-iT 

**^Rb 


4.576h 


ind 






4.30 ±1.72 


8.73 ±2.03 


2.29±1.95 


'^Rb 


22.9m 


cum 




4.84 ±1.34 


6.06 ±0.68 


5.78 ±0.58 


4.91±0.80 




4.480h 


cum 




1.08 ±0.12 








'^Kr 


35.04h 


cum 




14.9 ±1.8 


18.0 ±3.1 


15.8 ±1.9 


14.2±1.7 




74.4m 


cum 




7.12 ±0.55 


7.74 ±0.64 


8.08 ±0.65 


7.38±0.67 


7P,-rr 

7b J. 


14. Sh 


cum 




1.88 ±0.20 


2.32 ±0.37 


2.04 ±0.40 


1.65±0.23 


77t-> 


57.03611 


cum 




15.4 ±1.6 


17.8 ±2.5 


19.1 ±1.6 


14.9±1.4 


7b g J. 


16. 2h 


m+g 




11.0 ±1.1 


13.6 ±1.1 


14.1 ±1.4 


13.1±1.2 


'"Br 


I6.2I1 


ind 




9.52 ±1.27 


11.3 ±1.0 


12.2 ±1.1 


11.5±1.2 


'''Br 


96.7m 


cum 




8.18 ±0.62 


9.46 ±0.72 


10.26±0.87 


9.47±0.89 


74 -n 

'^Br 


46m 


ind 




1.60 ±0.18 


0.78±0.29 


1.77 ±0.29 


1.59±0.42 


'*Br 


25.4m 


cum 






1.83 ±0.50 


18.0 ±1.6 


2.38±0.94 




119.770d 


cum 




13.5 ±1.2 








'"'Se 


39.8m 


cum 




3.22 ±0.97 


5.01 ±0.95 


5.11 ±0.84 


6.38±1.06 


7'Hn 

'"'Se 


7.I5I1 


cum 




5.44 ±0.41 


7.19 ±0.54 


8.11 ±0.68 


8.07±0.75 




7.I5I1 


ind 




3.09 ±1.06 


3.65 ±1.01 


3.00 ±0.79 


1.69±0.91 


79 n 

'"^Se 


8.40d 


cum 




1.28 ±0.66 


3.26 ±0.77 


3.63 ±0.32 




74 A 


17.77d 


ind 




2.56 ±0.27 




3.48 ±0.39 


3.42±0.42 


79 A 


26. Oh 


cum 




7.90 ±0.65 


11.7±1.1 


16.35±1.38 


11.9±1.15 


79 A 


26. Oh 


ind 




6.61 ±0.90 


OKI _Ln 
(5.51 ±0. I\J 


12.7±1.1 




71 Ac 
AS 


Ci.K OQV. 

00. /oH 


cum 




6.07 ±0.48 


6.99 ±0.60 


ii.oiti.U 


o.yu±u.9o 


™As 


52.6m 


cum 






5.41 ±1.53 


2.25 ±0.32 


2.97±0.55 


69Ge 


39.05h 


cum 




3.46 ±0.49 




7.19 ±0.75 


5.95±0.74 


67 Ge 


18.9m 


cum 






0.88±0.12 


1.23 ±0.16 


1.17±0.17 


67Ga 


3.2612d 


cum 




4.13 ±0.70 




9.06 ±1.31 


8.72±1.07 


66Ga 


9.49h 


cum 




1.59 ±0.36 




4.72 ±0.45 


4.87±0.74 


65Ga 


15.2m 


cum 








1.09 ±0.29 




54Mn 


312. 12d 


ind 








3.71 ±0.47 




52Mn 


5.591d 


ind 




0.39±0.17 




0.75±0.07 




48Cr 


21.56h 


ind 




1.52 ±0.13 










15.9735d 


cum 








0.87±0.10 




47Ca 


4.536d 


cum 




2.84 ±0.70 




2.96 ±0.49 
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Table 3: Experimental yields measured in ""*U. 



Product Half life Mode Proton enegy (GeV) 

O OS L2 Te 



— oToTT 


50.80811 


cum 


2.46 ± 0.33 










237u 


6.75d 


cum 


115 ± 12 


114 ± 9 


111 ± 10 


119 ± 12 


233pa 


26.967d 


ind 




14.3 ± 1.2 


13.5 ± 1.1 


12.3 ± 1.1 


Pa 


31.44h 


cum 


3.27 ± 0.38 


7.13 ± 1.16 


6.46 ± 0.60 


5.77 


± 0.58 


230 Pa 


17.4d 


ind 




2.38 ± 0.49 


2.13 ± 0.38 


1.30 


± 0.30 


225 Ac 


lOd 


cum 




2.31 ± 0.23 


2.30 ± 0.32 


1.68 


± 0.21 


224 Ra 


87.83311 


cum 




2.40 ± 0.29 








01 1 T-v 

2"Rn 


14.61i 


cum 




2.46 ± 0.25 


2.09 ± 0.19 


1.83 


± 0.37 


210 At 


S.lh 


cum 




3.61 ± 0.52 


3.14 ± 0.40 


2.60 


± 0.33 


209 At 


5.41h 


cum 




7.78 ± 0.85 


7.54 ± 0.95 


6.18 


± 0.92 


208 At 


1.63h 


cum 




2.72 ± 0.27 


3.17 ± 0.73 


3.84 


± 0.63 


206 At 


30m 


cum 




2.53 ± 0.33 


3.75 ± 0.42 






207po 


5.81i 


cum 




7.60 ± 0.67 


6.70 ± 0.67 


5.03 


± 0.76 


206 Po 


8.8d 


cum 




8.85 ± 0.71 


9.06 ± 0.79 


7.30 


± 0.70 


204po 


3.53h 


cum 




4.68 ± 0.57 


5.77 ± 0.63 


4.39 


± 0.57 


206 Bi 


6.243d 


cum 




8.48 ± 0.68 








205 Bi 


15.31d 


cum 




6.17 ± 0.72 


7.10 ± 0.70 


5.87 


± 0.85 


204Bi 


11.22h 


cum 




9.26 ± 0.86 


10.3 ± 1.3 


8.06 


± 1.09 


204Bi 


11.22h 


ind 




4.59 ± 0.75 


4.51 ± 1.16 


3.67 


± 1.03 


203 Bi 


11.76h 


cum 






3.96 ± 0.53 


3.82 


± 0.75 


202 Bi 


1.72h 


cum 




5.96 ± 0.55 


10.1 ± 1.2 


8.45 


± 1.55 


203 Pb 


51.87311 


cum 




6.19 ± 0.53 


7.92 ± 0.66 


6.96 


± 0.61 


203 Pb 


51.873h 


ind 






3.96 ± 0.59 


3.14 


± 0.76 


201 Pb 


9.33h 


cum 




4.23 ± 0.45 


6.68 ± 0.69 


6.08 


± 0.67 


200pb 


21.5h 


cum 




3.39 ± 0.30 


4.56 ± 0.76 


5.03 


± 0.61 


199p^, 


90m 


cum 




5.24 ± 1.01 








200 '^j^ 


26. Ih 


cum 




4.02 ± 0.34 


6.04 ± 0.52 


5.41 


± 0.49 


200^^^! 


26.1h 


ind 




0.63 ± 0.19 


1.51 ± 0.49 






194 


32.8m 


cum 






5.37 ± 0.75 


3.39 


± 0.61 


193jjg 


11.8h 


ind 






1.77 ± 0.38 


1.25 


± 0.38 


192 Hg 


4.85h 


cum 






4.84 ± 0.53 


5.85 


± 0.66 


191 


69.6h 


cum 




3.55 ± 0.79 


4.24 ± 0.88 


6.10 


± 1.13 


188p|- 


10. 2d 


cum 






4.83 ± 0.69 


8.04 


± 0.95 


184 jj. 


3.091i 


cum 








6.39 


± 0.88 


Os 


93.6d 


cum 




1.91 ± 0.22 


6.72 ± 0.62 


9.43 


± 0.90 


183Qg 


13h 


cum 




3.08 ± 0.29 


3.41 ± 0.33 


5.55 


± 0.57 


183 Qg 


9.91i 


cum 






2.82 ± 0.34 


4.64 


± 0.46 


1 fil T-* 

^^^Re 


19.9h 


cum 






4.03 ± 0.70 


10.5 ± 1.9 


i™Ta 


8.09h 


cum 






3.11 ± 0.72 


8.79 


± 1.07 


I'^iLu 


8.24d 


cum 






2.30 ± 0.26 


6.77 


± 0.62 


169t 
Lu 


34.0Dn 


cum 








4.34 


± 0.41 


166 Yb 


56. 7h 


cum 








3.51 


± 0.40 


leoEr 


28.58h 


cum 








4.69 


± 0.41 


155 Dy 


9.91i 


cum 




1.03 ± 0.13 


1.97 ± 0.20 


4.02 


± 0.38 


151 Pm 


28.4h 


cum 


4.57 ± 0.56 










147Nd 


10.98d 


cum 








4.19 


± 0.58 


146 p J. 


24.15m 


cum 


16.0 ± 2.6 


9.8 ± 1.7 


10.7 ± 1.6 






i43Ce 


33.1h 


cum 


28.7 ± 3.1 


12.3 ± 1.0 


10.5 ± 0.9 


9.64 


± 0.85 


141 Ce 


32.5d 


cum 


35.1 ± 3.9 


19.1 ± 1.7 


16.9 ± 1.4 


15.3 ± 1.4 
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Continuation of Table ^. 



Product 


Half life 


Mode 




Proton enegy (GeV) 










0.1 


0.8 


1.2 


1.6 




137.64d 


cum 




8.51 ± 0.73 


8.30 ± 0.71 


7.75 ± 0.72 


i32Ce 


3.51h 


cum 






1.06 ± 0.42 


1.00 ± 0.69 


"2La 


1.518h 


cum 


26.7 ± 2.9 


10.70 ± 0.92 


11.8 ± 1.0 


8.63 ± 0.83 


"OLa 


40.274h 


cum 


35.4 ± 3.7 


17.3 ± 1.4 


14.5 ± 1.3 


13.1 ± 1.3 


"OLa 


40.27411 


ind 


7.73 ± 0.84 


3.22 ± 0.28 


2.23 ± 0.18 


1.76 ± 0.25 


i32La 


4.8h 


cum 




1.70 ± 0.83 


2.72 ± 0.45 


2.91 ± 0.60 


"2La 


4.8h 


ind 






1.66 ± 0.73 




i^iBa 


18.27ni 


cum 


22.5 ± 4.2 








i40Ba 


12.752d 


cum 


27.5 ± 2.9 


14.1 ± 1.2 


12.3 ± 1.1 


11.4 ± 1.0 


i39Ba 


83.06ni 


cum 


43.9 ± 8.8 


18.8 ± 3.5 


17.5 ± 3.3 


16.6 ± 3.3 


i33Ba 


38.9h 


ind 






3.74 ± 0.44 


2.56 ± 0.59 


i3iBa 


11. 5d 


cum 




4.13 ± 0.35 


5.02 ± 0.45 


4.95 ± 0.69 


i28Ba 


58.3211 


cum 




8.84 ± 1.08 


3.26 ± 0.60 


2.80 ± 0.55 




33.41ni 


cum 


27.5 ± 3.1 


12.9 ± 1.2 


12.0 ± 1.1 


10.9 ± 1.3 




13.16d 


m+g 


15.0 ± 1.6 


5.55 ± 0.45 


4.19 ± 0.54 


3.59 ± 0.31 




53ni 


ind 


15.5 ± 1.7 










6.479d 


ind 






12.4 ± 1.0 


13.4 ± 1.2 




32.0611 


cum 




10.39 ± 0.93 


11.2 ± 1.6 


11.3 ± 1.2 




9.14h 


cum 


43.7 ± 4.7 


19.7 ± 1.7 


17.1 ± 1.4 


16.0 ± 1.4 




9.14h 


m+g 


26.0 ± 3.0 


10.46 ± 1.13 


4.79 ± 0.77 


8.31 ± 0.93 


"5xe 


15.29ni 


cum 


14.6 ± 2.3 










52.5611 


cum 


16.5 ± 1.8 










36.4d 


cum 




11.5 ± 1.1 


12.3 ± 1.0 


11.4 ± 1.0 


i25Xe 


16.91i 


cum 






8.30 ± 0.69 


8.16 ± 0.76 


135j 


6.57h 


cum 


17.6 ± 2.1 


9.20 ± 0.79 


8.01 ± 0.68 


7.66 ± 0.73 


134j 


52.5ni 


cum 


34.0 ± 3.9 








133j 


20. 8h 


cum 


37.6 ± 4.2 


17.1 ± 1.5 


15.4 ± 1.3 


14.7 ± 1.4 


131j 


8.021d 


cum 


51.5 ± 5.7 


21.0 ± 1.7 


18.2 ± 1.5 


16.4 ± 1.4 


130j 


12.3611 


cum 


17.0 ± 1.8 


8.44 ± 0.69 


6.41 ± 0.51 


4.99 ± 0.50 


126j 


13.11d 


ind 




9.66 ± 1.19 


7.56 ± 0.98 


6.63 ± 0.91 


124j 


4.18d 


ind 




7.93 ± 0.85 


8.18 ± 0.66 


6.07 ± 0.55 


i32Te 


76.896h 


cum 


20.9 ± 2.6 


11.6 ± 1.1 


11.0 ± 1.0 


10.71 ± 1.07 


laiTe 


25ni 


cum 


26.7 ± 3.1 


9.92 ± 1.45 


9.41 ± 1.29 


10.07 ± 1.13 


laiTe 


301i 


cum 


11.1 ± 1.4 


4.27 ± 0.55 


3.22 ± 0.55 


2.61 ± 0.37 


ii9Te 


4.7d 


ind 




2.41 ± 0.20 


3.61 ± 0.29 


3.31 ± 0.33 


ii9Te 


16.0311 


cum 




0.59 ± 0.10 


1.89 ± 0.16 


2.38 ± 0.23 


"OSb 


39.5ni 


cum 


5.66 ± 0.72 








129Sb 


4.41i 


cum 


6.54 ± 0.90 








128Sb 


g.oih 


cum 


11.1 ± 1.2 


4.95 ± 0.63 


4.02 ± 0.74 


3.28 ± 0.38 


i27Sb 


3.85d 


cum 


29.8 ± 3.3 


11.7 ± 1.0 


9.48 ± 0.84 


8.37 ± 0.79 


126Sb 


12.46d 


cum 


17.8 ± 1.9 


7.68 ± 0.61 


5.99 ± 0.47 


4.98 ± 0.42 


124Sb 


60.2d 


cum 


16.6 ± 1.8 


12.6 ± 1.1 


9.57 ± 1.12 


7.52 ± 0.65 


122Sb 


65.371h 


m+g 


6.15 ± 0.66 


14.1 ± 1.2 


11.3 ± 0.9 


9.29 ± 0.81 


120Sb 


5.76d 


ind 




9.16 ± 0.73 


8.33 ± 0.65 


6.72 ± 0.57 


"8sb 


5h 


ind 




5.09 ± 0.45 


5.96 ± 0.52 


5.40 ± 0.50 


i28Sn 


59. Im 


cum 


5.75 ± 1.06 








i25Sn 


9.64d 


cum 


9.60 ± 3.14 








i23Sn 


40.06m 


cum 


20.7 ± 2.3 


5.35 ± 0.57 


4.91 ± 0.60 


4.82 ± 0.57 


"7in 


43.2m 


cum 






30.7 ± 4.0 


26.7 ± 3.6 


"4in 


49.51d 


cum 




10.6 ± 1.0 


10.8 ± 1.0 


8.15 ± 1.03 


i"In 


67.318h 


cum 




3.36 ± 0.34 


5.91 ± 0.70 


6.67 ± 0.62 
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Continuation of Table ^. 



Product 


Half life 


Mode 




Proton ene; 


gy (GeV) 










0.1 


0.8 


1.2 


1.6 


^^^Cd 


2.49011 


cum 


15.9 ± 2.2 


5.34 ± 2.13 


5.37 ± 0.59 


4.24 ± 0.65 


i"Cd 


3.36011 


cum 


18.1 ± 2.3 


12.6 ± 1.1 


10.0 ± 0.9 


8.09 ± 1.05 


"^Cd 


53.460h 


cum 


54.3 ± 7.8 


34.7 ± 2.7 


27.4 ± 2.2 


21.8 ± 2.2 


"5Cd 


53.4611 


ind 


29.9 ± 10.3 








i"Cd 


48.6m 


ind 






9.75 ± 1.12 


8.49 ± 1.03 


115 Ag 


20m 


cum 


24.5 ± 8.6 








113 Ag 


5.37h 


cum 


70.6 ± 7.7 


53.5 ± 4.7 


49.6 ± 4.2 


38.4 ± 4.1 


112 Ag 


3.13h 


cum 


70.7 ± 11.2 


70.2 ± 10.0 


56.5 ± 8.0 


46.9 ± 6.8 


112 Ag 


3.13h 


ind 


7.56 ± 1.52 


26.4 ± 3.8 


20.1 ± 2.9 


14.8 ± 2.3 


iiiAg 


7.45d 


cum 


62.5 ± 7.8 








iiiAg 


7.45d 


ind 


51.3 ± 7.1 








iiOAg 


249. 79d 


ind 




12.2 ± 1.0 


11.8 ± 1.0 


9.21 ± 0.91 


106 Ag 


8.28d 


ind 




1.68 ± 0.18 


2.93 ± 0.31 


3.14 ± 0.42 


105 Ag 


41.29d 


cum 






1.63 ± 0.43 


4.53 ± 0.63 


112pd 


21.03h 


cum 


58.5 ± 7.6 


43.9 ± 6.2 


36.5 ± 5.2 


32.1 ± 4.7 


l"Pd 


5.5h 


cum 


11.2 ± 1.8 


11.4 ± 1.7 








21.7m 


cum 


77.3 ± 11.0 










2.183h 


ind 




13.1 ± 1.4 


14.0 ± 2.0 


11.8 ± 1.1 


Rh 


35.3611 


cum 


76.1 ± 8.4 


75.2 ± 6.7 


68.1 ± 7.2 


55.3 ± 7.8 


Rh 


35.3611 


ind 


15.3 ± 3.4 








101 Rh 


4.34d 


ind 




1.72 ± 0.22 


3.58 ± 0.42 


4.26 ± 0.52 


100 Rh 


20.8h 


cum 




0.26 ± 0.15 


1.86 ± 0.44 


2.48 ± 0.64 


105 Ru 


4.44h 


cum 


60.8 ± 6.4 


51.4 ± 5.1 


42.8 ± 3.8 


35.6 ± 3.4 


103 Ru 


39.26d 


cum 


70.7 ± 7.6 


73.0 ± 6.3 


65.6 ± 5.1 


55.5 ± 5.0 


104Tc 


18.4m 


cum 


63.1 ± 8.8 


39.9 ± 3.8 


35.1 ± 3.1 


35.3 ± 5.3 


loiTc 


14.2m 


cum 


78.3 ± 12.7 


80.5 ± 18.4 


88.7 ± 17.1 




loiTc 


14.2m 


ind 




43.3 ± 22.7 


59.6 ± 19.9 




99Tc 


e.oih 


cum 


66.6 ± 7.3 


62.8 ± 5.4 


57.3 ± 4.8 


50.7 ± 4.5 


99tc 


e.oih 


ind 


0.00 ± 0.12 


1.72 ± 0.22 


2.90 ± 0.30 


3.82 ± 0.45 


96Tc 


4.28d 


m+g 


0.69 ± 0.19 




3.96 ± 0.54 


5.12 ± 1.01 


95Tc 


2O.OI1 


ind 




0.67 ± 0.11 


1.89 ± 0.16 


2.91 ± 0.27 


loiMo 


14.61m 


cum 


66.1 ± 8.0 


37.1 ± 7.4 


29.1 ± 5.5 




99Mo 


65.9411 


cum 


66.3 ± 7.2 


70.0 ± 5.7 


58.7 ± 4.9 


49.3 ± 5.1 


93Mo 


6.85h 


ind 






1.17 ± 0.12 


1.68 ± 0.16 


98Nb 


51.3m 


ind 


9.15 ± 1.17 


13.8 ± 1.3 


8.9 ± 0.8 


11.4 ± 1.3 


96Nb 


23.35h 


ind 


1.84 ± 0.21 


16.9 ± 1.4 


17.9 ± 1.6 


16.1 ± 1.4 


95Nb 


34.975d 


cum 




74.2 ± 6.1 


67.5 ± 5.3 


61.5 ± 5.3 


95Nb 


34.975d 


ind 




23.7 ± 3.3 


66.2 ± 5.3 


17.0 ± 1.5 


90Nb 


14.6h 


cum 






1.22 ± 0.12 


1.63 ± 0.33 




I6.91I1 


cum 


57.9 ± 6.1 


35.4 ± 2.8 


31.2 ± 2.5 


28.1 ± 3.1 


95Zr 


64.02d 


cum 


59.8 ± 6.8 


50.5 ± 4.2 


43.9 ± 3.5 


40.0 ± 3.9 


892r 


78.4111 


cum 




2.71 ± 0.22 


5.33 ± 0.42 


6.61 ± 0.57 


94 Y 


18.7m 


ind 


47.8 ± 6.1 


27.0 ± 3.2 


22.8 ± 3.2 


22.4 ± 2.8 


93y 


IO.I8I1 


cum 


42.5 ± 7.9 


31.7 ± 6.4 


38.1 ± 7.9 


20.1 ± 4.6 


92y 


3.54h 


cum 


48.1 ± 7.8 


42.2 ± 6.0 


35.5 ± 5.5 


29.0 ± 4.9 


92y 


3.54h 


ind 


13.1 ± 4.4 


10.9 ± 2.3 






91Y 


49.71m 


cum 


25.2 ± 3.1 


34.4 ± 2.9 


33.9 ± 2.9 


30.9 ± 3.1 


91y 


49.71m 


ind 




13.1 ± 1.3 


15.9 ± 1.6 


14.9 ± 2.0 


90 Y 


3.19h 


ind 




12.0 ± 1.1 


14.1 ± 1.5 


12.5 ± 1.1 


88y 


106. 65d 


cum 




6.38 ± 0.68 


10.9 ± 0.9 


11.4 ± 1.0 


87y 


I3.37I1 


cum 




3.60 ± 0.32 


5.65 ± 0.46 


8.88 ± 0.93 


87y 


79.8h 


cum 




4.35 ± 0.37 


8.29 ± 0.68 


9.63 ± 0.84 


86y 


14.74h 


cum 




0.73 ± 0.09 


2.07 ± 0.23 


2.65 ± 0.45 
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Continuation of Table ^. 



Product 


Half life 


Mode 




Proton enej 


ry (GeV) 




0.1 


0.8 


1.2 


1.6 


«^Sr 


2.71h 


cum 


37.3 ± 4.5 


27.8 ± 2.8 


23.3 ± 1.8 


19.8 ± 2.1 




9.63h 


cum 


46.0 ± 4.9 


33.9 ± 3.2 


28.5 ± 3.7 


24.4 ± 3.4 


89 Rb 


15.15m 


cum 


34.9 ± 5.2 


20.5 ± 2.8 


19.8 ± 2.9 


18.0 ± 3.2 


86Rb 


18.631d 


m+g 




12.2 ± 1.1 


15.3 ± 1.3 


13.2 ± 1.3 


83 Rb 


86.2d 


cum 




3.54 ± 0.37 


7.45 ± 0.69 


9.28 ± 0.91 


88Kr 


2.84h 


cum 


19.9 ± 2.2 


11.5 ± 1.1 


10.1 ± 1.0 


8.04 ± 0.78 


87Kr 


76.3m 


cum 


27.2 ± 3.7 


18.3 ± 2.1 


14.9 ± 1.7 


12.0 ± 1.5 


85 Kr 


4.48h 


cum 


18.3 ± 2.3 


13.0 ± 1.8 


11.9 ± 1.1 


9.9 ± 1.3 


84Br 


31.8m 


cum 


12.7 ± 3.0 








82Br 


35.3h 


m+g 




10.7 ± 0.9 


11.4 ± 0.9 


10.3 ± 0.9 


77Br 


57.036h 


cum 




0.49 ± 0.18 


0.76 ± 0.17 


1.42 ± 0.38 


76 Br 


16.2h 


cum 




0.33 ± 0.95 


0.82 ± 0.43 




83 Se 


22.3m 


cum 


6.57 ± 1.15 








75 Se 


119. 77d 


cum 






2.34 ± 0.20 


2.92 ± 0.32 


78 As 


1.512h 


cum 




10.23 ± 1.45 


9.00 ± 1.28 


6.25 ± 0.95 


76 As 


25.867h 


ind 




4.92 ± 1.03 


6.27 ± 0.79 


7.52 ± 0.86 


74AS 


17.77d 


ind 




2.11 ± 0.24 


4.53 ± 0.49 


5.33 ± 0.63 


78 Ge 


88m 


cum 


1.96 ± 0.60 








77 Ge 


11.3h 


cum 


1.14 ± 0.16 


4.17 ± 0.40 






73 Ga 


4.86h 


cum 


1.28 ± 0.19 








72 Zn 


46. 5h 


cum 


1.10 ± 0.29 


2.74 ± 0.25 


2.71 ± 0.25 


2.38 ± 0.23 


71 Zn 


3.96h 


cum 




2.59 ± 0.31 


3.51 ± 0.34 


2.80 ± 0.32 


69 Zn 


13.76h 


ind 




2.72 ± 0.24 


4.30 ± 0.36 


3.92 ± 0.37 


58 Co 


70.916d 


m+g 






0.45 ± 0.06 


0.94 ± 0.09 


59Fe 


44.503d 


cum 




2.85 ± 0.85 


3.21 ± 0.37 


3.60 ± 0.48 


48 SC 


43.67h 


cum 




0.45 ± 0.05 


1.05 ± 0.17 


1.56 ± 0.22 




83.81d 


m+g 








1.06 ± 0.11 


28Mg 


20.91h 


cum 






0.33 ± 0.05 


0.67 ± 0.07 


24Na 


14.959h 


cum 






0.97 ± 0.09 


2.06 ± 0.18 



IV. CONCLUSION 

This study is the first step in our work on the fis- 
sible targets that are of interest for accelerator-driven 
facilities. In total, about 820 reaction data have been 
measured. Table ^ reflects the predictive power of the 
simulation codes used here. 

It should be noted that the CEM95, HETC, and 
CASCADE codes do not calculate the process of fission 
itself, and do not provide fission fragments and a fur- 
ther possible evaporation of particles from them. When, 
during the Monte Carlo simulation of a compound stage 
of a reaction using evaporation and fission widths, these 
codes have to simulate a fission, they simply remember 
this event (that permits them to calculate fission cross 
section and fissility) and finish the calculation of this 
event without a real subsequent calculation of fission 
fragments and a further possible evaporation of par- 
ticles from them. Therefore, the results from CEM95, 
HETC, and CASCADE shown in Tab. 4 reflect the con- 
tribution to the total yields of the nuclides only from 
deep spallation processes of successive emission of parti- 
cles from the target, but do not contain fission products. 



where 

2 



ig 



him ), 



where ( ) designates averaging over all of the compar- 
ison events {i = l...Ns, where Ns is the number of 
experimental and simulated events used for compari- 
son). 

The mean squared deviation factor (H) with 
its standard deviation S{{H)) define the interval 
[{H)/S{{H)),{H) X S{{H))] which covers about two 
thirds of all the simulation-to-experiment ratios. 

Table ^ presents information concerning the predic- 
tive power of each of the codes for high and low ener- 
gies, namely, the total number of measured yields Ne, 
the number of the latter that was chosen to be used in 
the comparison with simulated data Nq, the total num- 
ber of simulated products that can be compared with 
the data Ns, the two numbers of "coincidences" be- 
tween simulated and experimental values Nc-^ 3 , > 
and the mean deviation (H) with its S{{H)) of simula- 
tion results from experimental data. 
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Table 4: Statistics of simulation-to-experiment comparisons of the yields of the measured reaction products for ^^Tc 
and "'''U. 



99Tc 

Ep = 0.2 GeV Ep = 0.8, 1.0, 1.4, and 1.6 GeV 
Ne = 39, Ng = 25 Ne = 284, Nq = 200 

Code N1.3/N2.0/NS (H) Si{H)) N1.3/N2.0/NS {H) Si{H)) 



CEM95 


8/14/25 


3.84 


2.86 


82/143/195 


2.08 


1.74 


LAHET(BERTINI) 


8/18/25 


1.84 


1.48 


77/155/196 

53/83/971 


1.80 


1.51 


LAHET(ISABEL) 


9/20/25 


1.83 


1.50 


1.75 


1.57 


INUCL 


6/9/25 


2.83 


1.86 


42/101/194 


2.73 


1.93 


HETC 


5/12/22 


3.62 


2.58 


52/99/188 


4.04 


2.96 


CASCADE 


7/15/25 


2.82 


2.00 


58/111/195 


2.59 


1.92 


ALICE(Fermi) 


6/18/25 


2.16 


1.69 








ALICE(Kataria) 


8/11/25 


2.43 


1.75 








YIELDX 


9/19/25 


2.13 


1.71 


75/154/197 


2.13 


1.78 


Foshina et al. 


3/4/25 


5.48 


2.16 


34/76/198 


2.99 


1.84 



Ep = 0.1 GeV Ep = 0.8, 1.2, and 1.6 GeV 

Ne = 83, Ng = 63 Nj^ = 418, Ng = 328 

Code Ni,3/N2.o/Ns {H) Si{H)) Ni.s/Na.o/Ns {H) S{{H)) 



CEM95 


0/2/2 


1.62 


1.02 


16/42/78 


2.89 


2.11 


LAHET(BERTINI) 


15/47/63 


2.29 


1.82 


76/186/326 
26/66/982 


2.25 


1.62 


LAHET(ISABEL) 


19/45/63 


2.32 


1.88 


1.99 


1.57 


INUCL 


10/16/61 


7.25 


3.68 


49/141/296 


4.48 


3.00 


HETC 


2/2/3 


2.45 


1.99 


9/15/61 


10.5 


4.3 


CASCADE 


0/1/3 


18.1 


6.0 


IO/I6/252 


3.13 


2.45 



^ - only 0.8 and 1.0 GcV simulated. 
2 - only 0.8 GeV simulated. 



To be able to describe nuclide production in the fission 

region, these codes have to be extended by incorporat- 
ing a model of high energy fission. 

At present, analyzing our theoretical results we come 
to the conclusion that the differences among some the- 
oretical yields predicted by different codes can some- 
times be very significant. This is a strong indication 
that all of the codes have to be further improved before 
they can become reliable predictive tools. Therefore, 
the relevant experiments have to be extended. 

We continue our measurements and expect, for in- 
stance, to have in the following year new data for "'^*U 
thin target irradiated by 0.2 GeV protons, ^^Tc irradi- 
ated by 0.1 and 1.2 GeV protons, and ^ss-ph irradiated 
by 0.1, 0.2, 0.8, 1.2, and 1.6 GeV protons. 

The Cascadc-Exciton Model (GEM) of nuclear reac- 
tions is under development at present at LANL and 
a recent version of the code named CEM97 with a 
much better predictive power than of the code CEM95 



has been already realized^^.We began to develop a fis- 
sion model appropriate for the CEM to describe mass, 
charge, energy and angular distributions of fission frag- 
ments with a possible further evaporation of particle 
from fragments (or even sequcntal fission)"^''' and wc plan 
to incorporate this model into a newer version of the 
CEM code, CEM99. The U-data of the present work 
and from future planed measurements will be used to- 
gether with other available data to fix the parameters 
of CEM99. 
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